One main issue in protein-protein docking is to filter or score the putative docked structures. Unlike many popular scoring functions that are based on geometric and energetic complementarity, we present a set of scoring functions that are based on the consideration of local balance and tightness of binding of the docked structures. These scoring functions include the force and moment acting on one component (ligand) imposed by the other (receptor) and the second order spatial derivatives of protein-protein interaction potential. The scoring functions were applied to the docked structures of 19 test targets including enzyme/inhibitor, antibody/antigen and other classes of protein complexes. The results indicate that these scoring functions are also discriminative for the near-native conformation. For some cases, such as antibody/antigen, they show more discriminative efficiency than some other scoring functions, such as desolvation free energy ( G des ) based on pairwise atom-atom contact energy (ACE). The correlation analyses between present scoring functions and the energetic functions also show that there is no clear correlation between them; therefore, the present scoring functions are not essentially the same as energy functions.
Introduction
The goal of predictive protein-protein docking is to obtain a near-native structure for the bound complex from the coordinates of the unbound component molecules [1] . Solving the docking problem involves two components: an efficient search procedure and a good scoring function. The development of a scoring function that can reliably distinguish correct docked structures from incorrect ones is a challenging topic of current research.
Presently it is well known that the geometric complementarity and energetic complementarity are two main factors in evaluating the potential solutions from the docked structures of a protein complex [2, 3] . From the early days of docking, it has been postulated * To whom correspondence should be addressed; present address:
Department of Chemistry and Biochemistry, University of California at San Diego, La Jolla, CA 92093-0365, USA. E-mail: blu@mccammon.ucsd.edu and repeatedly reaffirmed that geometric matching plays an important role in determining the structure of a complex [4, 5] . The scoring function of early docking algorithms used practically exclusively geometric complementarity criteria. Current scoring functions frequently use additional criteria in combination with geometric complementarity [6] [7] [8] . However, there are cases where the correct solution does not possess the largest contact area, while the incorrect solutions display a better shape complementarity than the correct one [6] . On the other hand, from a thermodynamic point of view, the native protein-protein complex should be the structure with the lowest binding free energy. This leads to the second criterion in evaluating the docked structures: the binding energy or binding free energy of the protein complex. Some scoring functions involve solvation potentials, empirical atom-atom or residue-residue contact energies, and continuum electrostatics [9] [10] [11] [12] [13] [14] [15] . However, the empirical free energy and the molecular mechanics potential alone cannot provide a valid discrimination between native and misdocked structures [16, 17] . One possible reason is that the molecular mechanics potential is just part of the binding free energy, and the entropy is not taken into account. Some elegant freeenergy simulations or calculations may be a reliable discrimination to check the solutions [15] , such as MMPBSA (or MMGBSA) [18, 19] , or the free energy perturbation method [20] . However, the calculation of binding free energy is complicated and is still the subject of research, which makes it impractical to use such an approach in protein-protein docking. Also some other scoring functions, such as that based on pairwise atom-atom potential functions [12] , can be effective, but they are limited to the cases of enzyme-inhibitor complexes [11, 14] . In addition, detailed molecular dynamics calculation is also used, but knowledge of the location of the binding site is absolutely essential [3] .
Here, we try to construct some novel scoring functions from the consideration of rigid body mechanics. When the two molecules bind to the determinate active sites and in the 'correct' orientation to form a native or near-native conformation, the complex should locate at the local energy minimum, and then the force and moment opposed on each molecule are zero. We refer to this situation as being in 'balance'. However, the docked structures, even the 'correct' docked structures, are not in the rigorous local minima, even after removing some local clash by performing a short time energy minimization as was done in Ref. 21 . We suppose that the near-native docked structures should also be in near balance, which means that the force and moment acting on each molecule should be small. Moreover, enlightened from the picture of a funnellike energy landscape [22, 23] , there exist many local funnel-like energy landscapes in the six-dimensional docking space. The native state (or binding) is trapped into the bottom of the deepest energy funnel that corresponds to the lowest free energy, which means it is more difficult for the complex to overcome the energy barrier to dissociate relative to other binding sites. Here, we refer to this case as 'tight binding'. It is still a concern to define and quantitatively describe the tightness of binding. Generally, it can be assumed that the deeper the funnel, the steeper the energy surface, and consequently, there should be larger second order spatial derivatives of the interaction potential, while the first derivatives are equal to zero at the local energy minimum. Moreover, the energy funnel represents a competition result between entropy and interaction potential. The entropy loss becomes large at the funnel bottom, which is consistent with the above tightness point of view. In the case of large second derivatives of the potential, there is only narrow room for the movement (vibration) of the ligand, which results in decrease of entropy. Therefore, the new scoring functions can be constructed using the calculations of force, moment, and the second spatial derivatives, which are used as a measure for the balance and tightness of binding in the present context. However, because the above functions just describe the local properties of the energy surface, the efficiency of these criteria lies on the level of how well the local property can reflect the global property of the energy landscape. On a smoother energy surface, corresponding to a simpler interaction model, the local surface property is more likely to reflect the tendency of the global property. To sum up, we use the second derivative instead of directly looking at the actual energy to find the deep funnel, because a single energy calculation for one docked conformation cannot decide if the energy is at the deep funnel, in other words, the energy value only depends on the unique conformation, while the second derivative reflects the property of the local energy surface and thus contains some energy information of its near conformations. As mentioned above, the binding energy surface may have a lot of local energy funnels; the second derivative is designed to, if possible as an assumption, find the deep funnel. In fact, the docking problem is to find the deepest free energy funnel, with the lowest free energy. Therefore, the energy criterion and its derivatives may be used complementarily. In this work, we used energy criteria as filters at first, and then use the energy derivatives to rescore the docked structures, which is a try to incorporate the above idea. The method was applied to a test set of protein complexes. Comparison was also made among the ranking results using the conventional electrostatic binding energy ( E ele ), desolvation free energy G des (ACE) [13] , and one of our scoring functions, which showed the good ability of our scoring function to discriminate the near-native structures from other misdocked ones. Also, the analysis of the correlation of different scoring functions showed that these scoring functions were not essentially completely the same as the energy function.
